Glioblastoma (GBM) remains the most common and lethal intracranial tumor. In a comparison of gene expression by A2B5-defined tumor-initiating progenitor cells (TPCs) to glial progenitor cells derived from normal adult human brain, we found that the F2R gene encoding PAR1 was differentially overexpressed by A2B5-sorted TPCs isolated from gliomas at all stages of malignant development. In this study, we asked if PAR1 is causally associated with glioma progression. Lentiviral knockdown of PAR1 inhibited the expansion and self-renewal of human GBM-derived A2B5 + TPCs in vitro, while pharmacological inhibition of PAR 1 similarly slowed both the growth and migration of A2B5 + TPCs in culture. In addition, PAR1 silencing potently suppressed tumor expansion in vivo, and significantly prolonged the survival of mice following intracranial transplantation of human TPCs. These data strongly suggest the importance of PAR1 to the self-renewal and tumorigenicity of A2B5-defined glioma TPCs; as such, the abrogation of PAR1-dependent signaling pathways may prove a promising strategy for gliomas.
INTRODUCTION
Gliomas are the most common primary intracranial neoplasms in humans, accounting for 80% of all malignant brain tumors. Malignant high-grade (HG) gliomas include anaplastic astrocytoma and oligodendroglioma (WHO grade III) and glioblastoma multiforme (GBM; WHO grade IV); the latter comprises the most frequent and lethal glial neoplasm. Less malignant, low-grade (LG) forms (WHO grade II) are slow growing and infiltrating tumors that inexorably degrade into more aggressive tumors, typically and pre-terminally evolving into GBM. Current treatment strategies, including surgical resection, radiation and chemotherapy, only modestly improve patient survival, and survivors frequently suffer permanent deficits from treatment-related toxicity. 1, 2 Recent studies have suggested that a discrete fraction of tumorinitiating cells may be responsible for the initiation, recurrence and treatment-resistance of gliomas. [3] [4] [5] [6] These tumor-initiating cells share phenotypic and molecular traits with neural stem cells and glial progenitor cells of the normal adult central nervous system. As a result, their pharmacological targeting requires the identification of differentially expressed molecular targets by which they may be distinguished from normally resident neural and glial precursors, so as to limit treatment-associated toxicity. We have previously isolated and characterized a population of tumor precursor cells (TPCs) derived from primary human gliomas using the monoclonal antibody A2B5, 7 which identifies normal glial progenitor cells (GPCs) in the adult human brain. 8 We showed that GBM-derived A2B5 + cells were clonogenic, self-renewing and multipotential in vitro, induced tumor formation after transplantation into mice brain, and propagated new tumors at lower cell doses than did their negative A2B5
− homologs, 7 all as would be expected of tumor-initiating stem or progenitor cells. [9] [10] [11] We further compared the RNA expression profiles of A2B5-sorted glioma cells with those of normal glial precursors, so as to identify differentially expressed genes and pathways by which to selectively target resident glioma TPCs. By doing so, we identified a discrete cohort of genes specifically dysregulated in glioma TPCs, among which the thrombin receptor F2R/PAR1 was one of the most prominently and selectively overexpressed. 7 The protease-activated receptor (PAR) family that includes PAR1 comprises four distinct G-protein coupled receptors, which share a unique mechanism of activation that relies on the proteolytic cleavage of their N-terminal ectodomains by serine proteases.
observed at the earliest stages of gliomagenesis, and was maintained as such at all stages of glioma development, from WHO-II through WHO-IV. On that basis, we investigated the necessity of PAR1 to glioma TPC expansion and tumor development. We found that lentiviral shRNAi knockdown (KD) of PAR1 significantly inhibited the growth and self-renewal of GBM-derived TPCs in vitro, and then noted that pharmacological inhibition of PAR1 similarly inhibited the growth and migration of glioma TPCs in culture. Importantly, we then noted that PAR1 silencing potently suppressed the malignant growth of glioma TPCs in vivo as well, after orthotopic transplantation into the brains of immunodeficient mice, and significantly prolonged the survival of these xenografted mice. Together, these data identify PAR1 as a potential target for the treatment of malignant gliomas.
RESULTS
PAR1 is overexpressed in A2B5-defined glioma tumor precursor cells (TPCs) To identify new pathways by which to target tumor-initiating cells in malignant gliomas, we previously compared the gene expression profiles of glioma TPCs to their normal homologs, using microarray analysis of A2B5-defined cells isolated from gliomas of different stages. 7 This strategy was based on the immuno-isolation of normal GPCs from the adult human brain by monoclonal antibody A2B5, which recognizes neural and glial progenitor cellselective gangliosides. 8 By using this method, we identified a cohort of genes in A2B5 + TPCs that were differentially expressed relative to A2B5-sorted GPCs derived from normal adult brain tissue; among these was F2R, encoding for the thrombin receptor PAR1, which was potently upregulated by A2B5 + TPCs at every stage of glioma development (Table 1) . Quantitative PCR confirmed a substantial upregulation of F2R mRNA in TPCs derived from both LG and HG gliomas, as derived from both astrocytomas and GBM, all relative to normal GPCs and unsorted normal dissociates (Table 1 ; Figure 1a ). In addition, PAR1 mRNA was significantly overexpressed in glioma TPC lines, which we established from both unsorted (GICL 1-6) and A2B5-sorted cells (GICL 7-9), all derived from primary GBMs, and all cultured in serum-free media supplemented with FGF2, EGF and PDGF as described 7 ( Figure 1b ). Under these conditions, the A2B5-expressing cells selectively expanded, such that the proportion of A2B5 + TPCs increased with time and passage in vitro. Flow cytometry confirmed that PAR1 protein was overexpressed by glioma TPCs derived from different GBMs, or from the widely used human glioma cell lines U87 and U251 (Figure 1c ; Supplementary Table S1 ). Furthermore, the great majority of PAR1 + TPCs co-expressed either or both A2B5 (94.6 ± 1.2%) and the neural stem cell protein prominin 1, recognized as CD133 (79.9 ± 5.4%) (Figures 1d and f; Supplementary Table S1 ). Together, these data suggest that PAR1 is highly and differentially overexpressed by glioma TPCs relative to normal glial progenitor cells, and that these PAR1 overexpressors typically co-express both A2B5 and CD133, consistent with the predominant tumorinitiating stem cell phenotype of the PAR1 + cell population.
PAR1 overexpression correlates with the classical subtype of GBM GBMs have been classified into four molecular subtypes-neural, mesenchymal, classical and proneural-each associated with distinct genetic alterations, gene expression patterns, phenotype and prognosis. 24 The proneural (PN) subgroup has been preferentially associated with a glioma-CpG island methylator phenotype (G-CIMP), which is characterized by mutations in isocitrate dehydrogenase 1 and correlates with relatively good prognosis. In contrast, patients whose tumors express a mesenchymal (MES) or classical (CL) signature typically exhibit a more rapid disease course, coupled with therapeutic resistance. 24, 25 To further explore the clinical significance of F2R in gliomas, we correlated its expression with GBM subtype, as well as with common copy number variants and mutations identified in The Cancer Genomic Atlas (TCGA). F2R was enriched across GBM subtypes relative to normal GPCs, but most prominently so in GBMs of the CL subtype (P o 0.01) (Figure 2a ). In contrast, no significant correlation of F2R expression to G-CIMP status or isocitrate dehydrogenase 1 mutation was noted (Figure 2b ). Across all TCGA classes, we noted high levels of F2R expression in anaplastic astrocytoma relative to both grade II oligodendroglioma and oligoastrocytoma (Figure 2c ), indicating that while F2R overexpression appeared with LG gliomas, its expression increased with malignant progression. Among GBMs, we then found a significant correlation between F2R expression and EGFR amplification, CDKN2A and PTEN deletion, all hallmarks of the CL subtype (Figure 2d ). PAR1 silencing inhibits the growth, self-renewal and survival of A2B5 + TPCs in vitro
The robust overexpression of PAR1 by A2B5-defined TPCs prompted us to examine its contribution to glioma expansion. To determine if glioma TPCs were dependent upon PAR1 signaling, we first tested the effect of lentiviral shRNAi-induced KD of PAR1 expression on the growth of glioma TPCs in vitro. Quantitative PCR with reverse transcription and flow cytometry were used to respectively assess PAR1 mRNA and Par-1 protein expression in two lines of A2B5 + TPCs, each derived from A2B5 + cells sorted from fresh GBMs. These lines are designated in this paper as glioma-initiating cell lines, GICL-8 and GICL-9, each of which we validated as able to produce HG GBMs upon orthotopic xenograft into the brains of immunodeficient hosts. Six days after transduction with these lines with either of two PAR1 KD lentiviruses, each generated using distinct non-overlapping short hairpin RNA (shRNA) sequences, we compared the extents of RNA and protein KD to cells transduced with a scrambled control (SCR). The PAR1-KD lentiviruses significantly and substantially reduced the expression of both PAR1 mRNA (Figures 3a and b) and protein (Figures 3c and d) , relative to SCR control lentivirus (Figure 3e ), in each line.
To determine if PAR1 influenced glioma development, we then examined the effect of PAR1 silencing on the growth of A2B5-sorted GBM cells. We found that within 6 days of transduction, lentiviral shRNAi KD of PAR1 significantly reduced the number of GBM-derived A2B5 + TPCs in both GICL8 and GICL9, relative to scrambled (SCR) shRNAi-transduced and non-transduced control Table S2 ). On that basis, we next investigated the effects of PAR1-induced KD on cell proliferation and cell cycle progression, by analyzing EdU incorporation in association with propidium iodide (PI) staining. We found that A2B5 + TPCs subjected to PAR1 KD all manifested fewer cells in S-phase relative to SCR and control cells, for both GICL8 and GICL9 (Figures 4d and e) (Supplementary Table S2 ).
We next asked if PAR1 suppression might be associated with increased cell death, and found that PAR1 KD TPCs exhibited a significantly increased incidence of Annexin V-defined apoptotic death, compared with both SCR and control cells (Figures 4f  and g ) (Supplementary Table S2 ). In addition, PAR1 KD also impaired the self-renewal of GBM-derived A2B5 + TPCs, as evidenced by a dramatic decrease in tumor sphere formation in limiting dilution assays of glioma TPCs transduced with PAR1 shRNA lentiviruses vs CT and SCR-transduced cells (Figures 4h  and i; Supplementary Table S3) . Figures S2C and E) . We next examined the effect of PAR1 inhibition on the tumorigenicity of GBM-derived A2B5 + TPCs transplanted into the brains of immunodeficient mice, 6 days after lentiviral transduction with either of our two PAR1 lentiviruses (2.8 × 10 4 cells per animal, n = 4-6 mice per group). We found that PAR1 silencing potently decreased both tumor extension (Figures 5a-c) and volume (Figures 5d and e) , when assessed 6 weeks after transplant of A2B5 + glioma TPCs derived from both GICL8 and GICL9, relative to SCR-infected cells (Supplementary Table S4 ). We then assessed the effect of PAR1 KD on the proliferation of glioma TPCs by analyzing the percentage of donor-derived TPCs co-expressing the mitotic marker Ki67. The A2B5 + TPCs derived from GICL8 and GICL9, whether transduced with PAR1 KD1 or KD2 lentiviruses, exhibited significantly lower Ki67-defined mitotic indices than those transduced with SCR control viruses (Figures 5f and g; Supplementary Table S4) .
GICL
Pharmacological inhibition of the PAR1/thrombin system suppressed the expansion and migration of A2B5 + glioma TPCs in vitro We next asked whether pharmacological inhibition of PAR1 could slow the growth of glioma A2B5 + TPCs. The pleotropic effects of PAR1 activation, in particular those associated with thrombogenesis, have prompted the development of a number of selective PAR1 antagonists. 16 Among these, the pyrroloquinazoline SCH--79797, first developed as an anti-angiogenic agent, 26, 27 induced a significant, dose-dependent inhibition of in vitro expansion by A2B5 + TPCs (Po 0.0001), compared with matched cultures treated with vehicle alone (dimethylsulfoxide, DMSO) (Figures 6a and b) . We repeated this experiment using the himbacine-derived PAR1 antagonist SCH-530348 (vorapaxar), and found that it too significantly inhibited the growth of glioma TPCs, also in a dose-dependent manner (P o 0.0001). In particular, at concentrations ⩾ 5 μM, SCH-530348 potently reduced the growth of A2B5 + TPCs derived from both GICL8 and GICL9 (Figures 6c and  d) . We next asked if PAR1 inhibition might have a direct effect on the migration of TPCs. To that end, A2B5 + TPCs were seeded at 4000 cells per well into laminin-pretreated (3 μg/cm 2 ) 96-well plates, and a day later switched into media containing escalating concentrations of SCH79797 (0.01-0.1 μM), SCH530348 (1-10 μM), or control vehicle (0.1% DMSO) media. The cells were exposed to these agents for 24 h, then imaged by time-lapse microscopy. Glioma TPCs derived from both GICL8 and GICL9 displayed dosedependent decreases in their rates of migration in response to both SCH79797 (P o 0.0001), starting at 0.01 μM (Figures 6e and f) , and SCH530348, starting at ⩾ 1 μM for GICL9 (P o 0.0001), and ⩾ 10 μM for GICL8 (P = 0.0004) (Figures 6g and h) . Thus, pharmacological inhibition of PAR1 by each of two structurally distinct agents substantially suppressed both the in vitro expansion and migration of two distinct lines of A2B5 + glioma TPCs. To investigate the potential mechanism of PAR1 activation, we next examined the effect of pharmacologically inhibiting thrombin using dabigatran etexilate. Dabigatran is an Food and Drug Administration-approved oral anticoagulant that acts as a direct inhibitor of thrombin, 28, 29 and which has been shown to inhibit the invasiveness of breast carcinoma cells in mice. 30 To examine whether dabigatran might exert similar antineoplastic effects on glial neoplasms, cultured A2B5 + glioma TPCs were treated with escalating doses of dabigatran, then counted 4 days after drug administration. The dabigatran-treated cells exhibited significantly less in vitro expansion (Supplementary Figures S3A and B) and migration ( Supplementary Figures S3C and D) than did untreated and vehicle-exposed A2B5 + TPCs, and did so in a dose-dependent manner. These data suggested that at least some of the effects of PAR1 suppression on tumor growth may be due to thrombin antagonism.
PAR1 silencing prolonged the survival of mice implanted with glioma TPCs Given the strong inhibition of in vivo tumor growth by glioma GPCs transduced with PAR1 shRNAi, and the corresponding decrements in mitotic expansion and migration by glioma TPCs in response to both PAR1 KD and pharmacological inhibitors, we next asked if PAR1 suppression might improve the survival of mice following intracranial implantation of glioma TPCs. For this study of the effects of PAR1 inhibition on net survival, we used lentiviral shRNAi KD rather than pharmacological agents, since none of the currently available pharmacological inhibitors of PAR1 have reliable blood-brain barrier penetration, and the blood-brain barrier permeability of a variety of agents into gliomas and GBMs is highly variable. To therefore validate PAR1 as an appropriate target for therapeutic inhibition, while setting aside the issues of blood-brain barrier permeability of candidate PAR1 antagonists, we used a genetic strategy for PAR1 inhibition. In particular, we transduced A2B5 + glioma TPCs derived from both lines GICL8 and GICL9 with lentiviral PAR1 shRNAi before their implantation into *** *** ** ** *** *** adult immunodeficient NOG mice, and then allowed these mice, or their SCR-transduced controls, to survive until moribund. We found that the mice engrafted with PAR1 KD TPCs derived from both TPC lines, GICL8 and GICL9, lived significantly longer than their counterparts transplanted with control TPCs that were either untreated (CT), or transduced with scrambled shRNA (Figures 5h  and i) . Thus, PAR1 inhibition yielded a prolongation of survival that accorded with the inhibition of glioma expansion noted both in vitro and in vivo as a result of PAR1 KD.
DISCUSSION
We had previously noted that PAR1 was differentially upregulated by A2B5-defined TPCs isolated from primary gliomas at every stage of glioma development, including the earliest stages of gliomagenesis. On that basis, in the present study we asked whether PAR1, its encoded protein and its dependent signal effectors might specifically contribute to the growth and malignant spread of the tumor-initiating progenitor cells of malignant gliomas. We found that this was indeed the case, in that both genetic and pharmacological inhibition of PAR1 suppressed the expansion and malignant spread of A2B5-defined glioma TPCs.
PAR1 is but one of four members of the PAR family (PARs 1-4), a group of G-protein coupled receptors that share a unique mechanism of activation, via the proteolytic cleavage of their N-terminal extracellular domains rather than ligand binding. This cleavage event triggers multiple signaling pathways, and a panoply of cell type-specific responses. 31, 32 PAR1 is the prototype of this family, and is the principal thrombin-activated receptor in most cell types; it is expressed by a variety of human cancers. 13, 17, 33 Thrombin is a serine protease that activates several factors in the clotting cascade, and produces the enzymatic cleavage of fibrinogen to fibrin. 15 Patients with GBM are frequently coagulopathic, with nearly 30% suffering from venous thromboembolism; GBM patients comprise one of the highest risk populations for pathological thrombosis in all of medical and surgical practice. 34 Indeed, intravascular thrombosis is observed in over 90% of histological samples of GBM. 35 On that basis, it has been proposed that intra-tumor thrombosis and its associated local hypoxia may stimulate the production of factors contributing to malignant progression, in tandem with the remodeling of the tumor microenvironment and cancer stem cell compartment. 20, 34, 36, 37 In addition, a prominent role of tissue factor (TF) pathway has been suggested, through its role in thrombogenesis and coagulation cascade signaling through PAR1 activation. 20, 34, 36, 37 Accordingly, PAR1 activation has been associated with the growth and metastasis of tumor cells, as well as with accentuated angiogenesis and drug resistance in epithelial malignancies. 17, 38, 39 PAR1 levels have been negatively correlated with survival in breast, lung, gallbladder, melanoma and gastric cancers. [40] [41] [42] [43] [44] In gliomas, PAR1 expression and malignant association has been demonstrated in both primary tumors and cell lines. 13, [20] [21] [22] [23] Yet despite the wealth of data associating PAR1 expression with malignant potential across a variety of somatic cancers, few studies have evaluated the specific role of PAR1 in tumor-initiating cells, 36, 45 and none have done so in glial malignancies. We found that A2B5-defined glioma-initiating cells indeed differentially overexpress PAR1, and that the levels of PAR1 are directly related to tumor expansion, both in vitro and in vivo. We then demonstrated that both the specific KD of PAR1 by lentiviral shRNAi, and by the selective PAR-1 antagonists SCH-79797 and SCH-530348, substantially impeded the growth and self-renewal of GBM-derived TPCs in vitro. Most importantly, we noted that PAR1 KD resulted in significantly diminished tumor growth in vivo, while significantly increasing the survival of glioma TPCtransplanted animals. Together, these data suggested a critical, phenotypically specific role for PAR1 in the biology of glioma tumor-initiating progenitor cells, and further indicated that PAR1 inhibition might impede the progression or maintenance of malignant gliomas.
PAR1 is a G-protein coupled receptor, which may signal through a number of pathway intermediates. 16, 17, 38 Apart from thrombin, other coagulation enzymes as well as tumor-derived proteases, that include the anti-coagulant-activated protein C, plasmin and the matrix metalloprotease-1 can also activate PAR1 and elicit PAR1-dependent signaling in a thrombin-independent manner. 16, 46 PARs can also activate alternative parallel pathways, and signal through the transactivation of other receptors, most notably the sphingosine-1-phosphate receptor, the activation of which has been implicated in neural stem cell expansion. 31, 47, 48 Indeed, PAR1 activation has been found to promote the growth of both colon and renal cell carcinomas by transactivating EGFR, 49, 50 a mechanism that might prove significant in EGFR-overexpressing glial malignancies. In that regard, we noted that F2R/PAR1 was enriched in the classical (CL) subtype of GBM, and correlated with both EGFR amplification and reduced PTEN/CDKN2A copy number, in accord with previous reports. 51 The robust suppression of glioma growth occasioned by KD of PAR1 gene expression in tumor-initiating cells strongly suggests the viability of targeting PAR1-dependent signaling and intermediates thereof as a therapeutic strategy in glioma, specifically so in those for which the A2B5-defined phenotype is the dominant tumor-initiating phenotype. Furthermore, the antiangiogenic effects of PAR1 antagonism, and the disruption of the tumor stem cell microenvironment resulting from abrogating PAR1-dependent interactions of the microvasculature with glioma progenitor cells, 22 may serve to further potentiate the antineoplastic effects of PAR1 inhibition. That said, the attractiveness of PAR1 as a therapeutic target is tempered by its expression by normal astrocytic and neuronal populations alike, 52 as well as by resident neural stem cells. 53, 54 Although tumor cells, and especially the tumor-initiating fraction thereof, selectively overexpress the receptor, its lower level basal expression by other current options for targeting PAR1-overexpressing TPCs. Nonetheless, the strong antineoplastic effects noted by pharmacological PAR1 inhibition in vitro, and by PAR1 KD both in vitro and in vivo, suggest that the development of blood-brain barrier penetrant PAR1 antagonists may be of great therapeutic value. Together, these data identify PAR1 as a substantial contributor to the expansion and growth of glioma-derived tumor-initiating cells, and hence to the development of malignant gliomas; as such, the abrogation of PAR1 signaling may prove a promising strategy for the treatment of malignant glioma.
MATERIALS AND METHODS

Tissue samples
Human tissue samples were obtained from glioma patients diagnosed in accord with WHO guidelines. Non-tumor epileptic tissue resections were used as controls. All samples were obtained from patients who consented to tissue use, under protocols approved by both the University of Rochester and Johns Hopkins University IRBs.
Cell preparation and isolation
Tissues were dissociated using papain, cultured in cell suspension plates, in serum-free media defined as DMEM/F12 media supplemented with N1, 20 ng/ml bFGF, EGF and PDGF-AA. Tumor-derived GPCs were isolated by tissue dissociation followed by A2B5-based cell sorting and cultured using described protocols. 7, 8 Establishment of glioma initiating cell cultures After dissociation, unsorted or A2B5 + cells derived from primary GBMs were further enriched for TPCs by culturing the cells in serum-free media supplemented with FGF, EGF and PDGF, at a clonal density (100 000 cells/ml), as described. 7 Under these conditions, resultant cultures were defined as glioma TPCs when demonstrated (i) extensive self-renewal and sphere generation; (ii) expression of cancer stem cells markers including A2B5 and CD133; and (iii) tumorigenicity after transplantation into the brain of immunodeficient mice.
PAR1 expression analysis
Microarray analysis of PAR1/F2R gene was done following previously described procedure 7 using RMA, R and packages from Bioconductor. [55] [56] [57] Validation of PAR1 gene expression was assessed by quantitative realtime PCR analysis, using a 96-gene Taqman low-density array coupled with Taqman assay (Invitrogen, Carlsbad, CA, USA); 58 as well as PAR1/F2R-directed PCR with reverse transcription using F2R-specific primers. The expression of each gene was normalized with 18S as an endogenous control. Relative gene expression was analyzed using the ΔΔCt approach and significance was determined by the t-test statistic with a 5% false discovery rate threshold. PAR1 protein expression was evaluated by flow cytometry analysis (FACS Aria, BD Biosciences, San Jose, CA, USA) of PAR1 stained cells (Clone WEDE15, 1/100).
Orthotopic transplantation and analysis
To assess in vivo tumorigenicity, immunodeficient mice (5-10 week old) were injected with TPCs and killed either 4-6 weeks thereafter, or once moribund for animals used for survival analysis. All transplantation procedures were reviewed and approved by the Rochester University Committee on Animal Resources. At the time of sacrifice, xenografted brains were cut as 14-μm cryostat sections, and donor cells identified by immunolabeling for human nuclear antigen, and the mitotic marker Ki67. Adjacent sections were stained with hematoxylin and eosin for histological assessment. Numerical, mitotic and volumetric analyses were estimated using the Optical Fractionator Program of Stereo Investigator (MBF Bioscience, Williston, VT, USA). In all determinations of animal use, group assignment, numbers, experimental design, randomization, blinding and description of results in this study, we attempted to follow the ARRIVE reporting guidelines. 59 Generation, validation and assessment of PAR1 knockdown lentiviruses A set of five lentiviral shRNAi vectors with distinct target sequences was purchased from Open Biosystems. We first validated PAR1-induced silencing constructs by transfection of multiple glioma cell lines, with subsequent qPCR and flow cytometry detection of PAR1 mRNA and protein expression, respectively. Viral production, cell transduction, validation of KD, and assessment of effects thereof on glioma cell proliferation are all described in the Supplementary Methods.
PAR1-and thrombin-specific inhibitors
The selective PAR1 antagonists SCH 79797 and SCH 530348 were purchased, respectively from Tocris Bioscience (Ellisville, MO, USA) and Axon medchem (Axon 1755) and dissolved in DMSO as per the manufacturer's instructions. The chemical compound dabigatran etexilate (BIBR-1048) was purchased from Cedarlane (Burlington, NC, USA) (S2154-5 mg) and dissolved in DMSO following manufacturer's instructions.
Self-renewal, cell proliferation, survival and cell migration assays Self-renewal was assessed 14 days after dissociation of gliomaspheres into single cells and sorted to 96-well plates by FACS using the Automated Cell Deposit Unit (ACDU) at 1-80 cells per well followed by Extreme Limiting Dilution Analysis. 60 Cell cycle analysis was performed using EdU (10 μM) administration followed by Click-it based Edu flow cytometry analysis (Invitrogen) following manufacturer's instructions and as described. 7 Cell survival was assessed using the Alexa-647 Annexin V Apoptosis Detection Kit (BD Pharmingen, San Diego, CA, USA), as described. 7 Cell migration was assessed after seeding 4000 cells per well in a 96-well plate using timelapse microscopy. Twenty-four hours after plating, cells were incubated with escalating concentrations of SCH 79797, SCH 530348, Dabigatran etexilate or vehicle for 24 h before imaging and cell tracking analysis.
Bioinformatic analysis
Gene expression and copy number alterations, along with their corresponding clinical data sets were obtained from TCGA (accessed at https://genome-cancer.soe.ucsc.edu/proj/site/hgHeatmap) for GBM multiforme and lower grade glioma sample populations. GBM data sets were as follows: (1) (f, g), demonstrating a prominent inhibitory effect of PAR1 silencing on the tumorigenicity and mitotic activity of glioma A2B5+ TPCs relative to SCR and CT cells. Means ± s.e.m. P-values calculated using one-way ANOVA (Po0.0001) followed by Tukey post-hoc comparisons with *P o0.05; **Po 0.01; ***P o0.001. Post-hoc comparisons between cells transduced with PAR1 KD shRNAi, compared with those transduced with SCR shRNAi untransduced CT cells are illustrated by orange and black stars, respectively. (h-i) Kaplan-Meier curves show an increase in median survival of mice bearing intracranial glioma TPCs transduced with PAR1 shRNA relative to SCR and CT mice. Log-rank analysis, (Po 0.0001) followed by pairwise comparison between all groups with **P o0.01 and ***P o0.001.
expression of PAR1 and copy number alterations were calculated in R software (https://www.r-project.com). The function heatmap.3 (https://gist. github.com/nachocab/3853004) was used to generate heatmaps with multiple stacked column identifiers.
Statistical analysis
All statistical analyses were performed using the GraphPad Prism (GraphPad Software, La Jolla, CA, USA) or R softwares (Vienna, Austria). The specific test used for each experiment to determine significance (Po0.05) is indicated in the text of the results and/or figure legends.
in vitro data are representative of results obtained in at least three independent experiments. In all determinations of animal use, group assignment, numbers, experimental design, and description of results in this study, we attempted to follow the ARRIVE reporting guidelines
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